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Department of Molecular Biophysics and Physiology, Rush University Medical Center, Chicago, IllinoisABSTRACT The charge translocation associated with sarcoplasmic reticulum (SR) Ca2þ efflux is compensated for by a simul-
taneous SR Kþ influx. This influx is essential because, with no countercurrent, the SR membrane potential (Vm) would quickly
(<1 ms) reach the Ca2þ equilibrium potential and SR Ca2þ release would cease. The SR Kþ trimeric intracellular cation (TRIC)
channel has been proposed to carry the essential countercurrent. However, the ryanodine receptor (RyR) itself also carries a
substantial Kþ countercurrent during release. To better define the physiological role of the SR Kþ channel, we compared SR
Ca2þ transport in saponin-permeabilized cardiomyocytes before and after limiting SR Kþ channel function. Specifically, we
reduced SR Kþ channel conduction 35 and 88% by replacing cytosolic Kþ for Naþ or Csþ (respectively), changes that have little
effect on RyR function. Calcium sparks, SR Ca2þ reloading, and caffeine-evoked Ca2þ release amplitude (and rate) were
unaffected by these ionic changes. Our results show that countercurrent carried by SR Kþ (TRIC) channels is not required to
support SR Ca2þ release (or uptake). Because Kþ enters the SR through RyRs during release, the SR Kþ (TRIC) channel
most likely is needed to restore trans-SR Kþ balance after RyRs close, assuring SR Vm stays near 0 mV.INTRODUCTIONSarcoplasmic reticulum (SR) Ca2þ release in cardiac muscle
is mediated by the type-2 ryanodine receptor (RyR2) Ca2þ
release channel. RyR2 opening during excitation-contrac-
tion coupling generates the whole-cell intracellular Ca2þ
transient that drives the cellular contractile apparatus. In
resting cells, spontaneous opening of neighboring RyR2s
results in localized nonpropagating Ca2þ release events
called ‘‘sparks’’ (1). These sparks, as well as random indi-
vidual nonspark RyR2 openings, comprise the resting SR
Ca2þ leak that (in combination with the resting rate of SR
Ca uptake) governs resting SR Ca2þ load (2,3). The pro-
cesses governing load are important because abnormal SR
Ca2þ load can lead to life-threatening arrhythmias and/or
heart failure.
RyR2-mediated SR Ca2þ release, like a spark, represents
a large fast translocation of charge. This charge transloca-
tion will change the SR membrane potential (Vm) unless
there is a simultaneous, equal, and opposite movement of
charge, a countercurrent. If there were no countercurrent,
then SR Vm would very quickly (<1 ms) move to the
Ca2þ equilibrium potential (ECa) and net Ca
2þ release
would cease (4), severely limiting release event duration.
SR Ca2þ release events lasting many milliseconds are com-
mon and thus there is a substantial counterion flux during
release (5–7). In 2008, we showed that RyRs conduct their
own countercurrent (4). Before that, the needed countercur-
rent was generally believed to be mediated by the SR Kþ
channel (8–10).Submitted April 18, 2013, and accepted for publication July 15, 2013.
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0006-3495/13/09/1151/10 $2.00The SR Kþ channel has been recently identified as the
trimeric intracellular cation (TRIC) protein (11). There are
two isoforms of TRIC. The predominant isoform in muscle
is TRIC-A. Mutant mice lacking TRIC-A are viable (12) but
have muscles with abnormal SR Ca2þ transport. In skeletal
muscle, TRIC-A ablation results in SR Ca2þ overload, SR
vacuolization, less frequent sparks, and a unique form of
‘‘mechanical alternans’’ during fatigue (13). In smooth mus-
cle, TRIC-A ablation decreases Ca2þ spark frequency (14).
In embryonic cardiac muscle, TRIC-A ablation causes SR
overload and depressed Ca2þ-induced Ca2þ release (CICR
(12)). Clearly, TRIC-A plays some important physiological
role during SR Ca2þ transport.
The SR Ca2þ transport abnormalities in TRIC-A knock-
out muscles are explained by the assumption that the SR
Kþ (TRIC) channel is required to carry countercurrent
during release (12–15). However, this explanation has
some significant caveats. For example, loss of a key counter-
current pathway should intuitively attenuate and/or slow
SR Ca2þ release. Yet, caffeine-evoked SR Ca2þ release
(lasting >1 s) in TRIC-A null muscle is larger and faster
than in wild-type muscle (13). Years ago, Somlyo et al.
(5) showed that both Mg2þ and Kþ enter the SR during
Ca2þ release in frog skeletal fibers during an onset of
tetanus. Countercurrent carried by SR Kþ (TRIC) channels
does not explain the Mg2þ entry. Single SR Kþ channels
barely conduct Csþ compared to Kþ (9,16) and yet
numerous cut skeletal muscle fiber SR Ca2þ release studies
(17–23) have been done with cytosolic Csþ, not Kþ, present.
The SR contains Cl (24–26) and RyR channels (27) that
can also carry counterion current during release. Indeed,
a direct and inescapable consequence of the RyR’s poor
Ca2þ selectivity is that an open RyR in cell-like salthttp://dx.doi.org/10.1016/j.bpj.2013.07.042
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fluxes. These RyR-mediated Kþ and Mg2þ fluxes during
Ca2þ release clearly represent the bulk of the needed coun-
tercurrent (4). Yet, the assumption that the SR Kþ (TRIC)
channel carries an essential carry countercurrent during
SR Ca2þ release persists (15).
Here, we explore the ramifications of attenuating SR Kþ
channel conduction on spontaneous Ca2þ sparks, caffeine-
evoked SR Ca2þ release, resting SR Ca2þ leak, and SR
Ca2þ uptake in acutely dissociated saponin-permeabilized
cardiac myocytes. Our results show that countercurrent
carried by SR Kþ (TRIC) channels is not needed to support
SR Ca2þ release (or uptake). We propose that SR Kþ
(TRIC) channels are needed to maintain the SR’s Kþ steady
state and disruption of this steady state generates the SR
Ca2þ transport abnormalities in TRIC-A null muscles.METHODS
Single channel studies
Heavy SR microsomes were prepared from rat ventricular muscle using
the method described in Chamberlain and Fleischer (28) and as approved
by the Institutional Animal Care and Use Committee. Planar lipid bilayers
(100-mm diameter) were composed of a 5:4:1 mixture (50 mg/mL in
decane) of bovine brain phosphatidylethanolamine, phosphatidylserine,
and phosphatidylcholine. The solution on one side of the bilayer (cis)
was virtually grounded and contained Tris-HEPES (250 mM HEPES,
120 mM Tris, pH 7.4). The solution on the other side of the bilayer (trans)
contained Ca-HEPES (250 mM HEPES, 50 mM Ca(OH)2, pH 7.4). Heavy
SR microsomes (5–15 mg) were added to the cis side along with 500 mM
CsCl and 2 mM CaCl2 to promote microsome fusion. Vesicle fusion was
often marked by the appearance of Cl currents, presumably mediated byBiophysical Journal 105(5) 1151–1160SR Cl channels. Immediately upon observing single channel activity,
the cytosolic and luminal solution were changed to establish the various
test conditions used in these studies. This solution change eliminated Cl
currents because the new solutions (see next paragraph) contained very lit-
tle Cl. Approximately 50% of microsome fusions resulted in simultaneous
incorporation of both RyR2 and SR Kþ channels. The other fusions resulted
in either RyR2 or SR Kþ channels being incorporated with ~40% of these
involving a single channel. For the SR Kþ channel, individual channels
were assumed to open to one of two different conductance levels (Fig. 1
A). For the RyR2 channel, its cytosolic side was always facing the cis
compartment (29), and we label the cis solution ‘‘cytosolic’’ and the trans
solution ‘‘luminal’’.
Recipes for complex solutions were generated using the WinMAXC
program (Stanford University, Palo Alto, CA). For single channel studies,
our cytosolic cell-like salt solution contained 120 mMK-methanesulfonate,
10 mM free Ca2þ, 1 mM free Mg2þ, and 5 mM total ATP. The luminal cell-
like salt solution contained 120 mMK-methanesulfonate, 1 mM free Mg2þ,
and 1 mM free Ca2þ. In both cases, the Ca2þ and Mg2þ were added as
HEPES salts. Single channel recordings were done at room temperature
with current sampled at 50 ms/pt and filtered at 0.5 or 1 kHz. No correction
for missing events was made. Single channel analysis was done using
pCLAMP9 software (Molecular Devices, Sunnyvale, CA). Single channel
Po was determined using the standard half-amplitude threshold method,
which becomes less reliable at smaller unit currents. Po determinations
were made from single channel recordings lasting >4 min. Because single
SR Kþ channel opens to two conductance levels, its Po was determined as
Po ¼ 1Pc (where Pc is the probability of being closed).SR Ca2D release measurements
Spontaneous Ca2þ sparks were measured in saponin-permeabilized cardiac
ventricular myocytes (30) that were acutely dissociated from rabbit hearts.
Permeabilized cells were used to provide direct control of cytosol ion
composition. Use of permeabilized cells also avoided uncertainties asso-
ciated with dialysis of intact cells (e.g., dialysis efficiency, time course,
retention of cellular constituents) and eliminated complexities associatedFIGURE 1 SR Kþ channel function in our cell-
like salt solutions. (A) Single SR Kþ channel
recordings (filtered at 0.5 kHz) at different mem-
brane potentials. Open events shown upward
from marked zero current level (dash). Sample
sojourns to the subconductance level are marked
(arrows). (B) Current amplitude (mean 5 SE,
n R 6) plotted as a function of membrane poten-
tial. (Solid and open circles) Full open (178 pS)
and subconductance (110 pS) levels, respectively.
Both conductance levels reversed at 0 mV. (Dashed
line) Current-voltage relationship of single RyR2
channels in the same solutions (190 pS, reversal
potential 2.7 mV; from Gillespie and Fill (4)).
(C) Open probability plotted as a function of mem-
brane potential. Open probability (Po) was calcu-
lated as Po ¼ 1Pc, where Pc is the probability
the channel is fully closed. (Dashed line) Po single
RyR2 channels in the same solutions (49).
Countercurrent during SR Ca2þ Release 1153with control of membrane potential and sarcolemma Ca2þ transport
processes. After permeabilization, cells were placed in the cytosolic solu-
tion (mixed from the WinMAXC program recipe) containing 120 mM K-
aspartate, 5 mM MgATP, 0.4 mM EGTA, 10 mM phosphocreatine,
10 mM HEPES, 5 U/mL creatine phosphokinase, and pH 7.25. The cyto-
solic free Ca2þ and Mg2þ were 150 nM and 1 mM, respectively. There
was very little (if any) Cl in this solution. Spontaneous sparks and
caffeine-evoked Ca2þ release events were measured at room temperature
with Fluo-4 excited by 488-nm light (emission monitored at >515 nm).
Resting SR Ca2þ load was assessed by either peak caffeine-evoked Ca2þ
release or intra-SR Fluo-5N measurements. The Fluo-5N was excited at
488 nm and its emitted fluorescence measured at 500–530 nm. Fluo-4
and Fluo-5N signals were never used in the same experiment. Emitted fluo-
rescence (i.e., cytosolic free Ca2þ) was measured using a laser scanning
confocal microscope and a 60 water-immersion objective (n.a. ¼ 1.3).
Line-scan images were generated at 2 ms per line (pixel size 0.082 mm).
The F0 was taken as the resting fluorescence in steady-state conditions
(no sparks present) and DF ¼ F–F0. Sparks were detected and analyzed us-
ing the threshold-based algorithm present in the SparkMaster program (31).
This algorithm identifies sparks based on their deviation from the back-
ground noise. Specifically, images were low-pass-filtered using a 5  5-
pixel median filter and a 4  4-pixel smoothing filter. The mean and stan-
dard deviation (SD) was determined and regions exceeding 1.5 times SD
were excised to create a baseline to normalize the whole image. Sparks
were detected in this normalized image as deviations exceeding 3.8 times
SD above the mean. Spark frequency (sparks  (100 mm)1  s1), ampli-
tude (DF/F0), full duration at half-maximal amplitude (FDHM; ms), and
full width at half-maximal amplitude (FWHM; mm) were determined in
various experimental conditions.SR Ca2D uptake by permeabilized myocyte
population
The rate of global (cell-wide) SR Ca2þ uptake by a population of saponin-
permeabilized cardiac myocytes was measured by tracking changes in
cytosolic Fluo-4 (10 mM) fluorescence. Fluorescence was measured in a
deuterium spectrometer (PerkinElmer, Waltham, MA) at 4 s intervals
over 25 min. The cytosolic solution, continually stirred during fluorescence
detection, also contained 1 mM free Mg2þ and 140 mM K-, Tris-, or
Cs-aspartate each with 20 mM HEPES (pH 7.2) as well as a protease
inhibitor cocktail.
Intact myocytes were allowed to settle out in a polystyrene cuvette
(VWR, Radnor, PA) after which the supernatant was aspirated off and
replaced with 2 mL of cytosolic test solution. Fluo-4 was added and fluores-
cence was recorded for 250 s to establish a baseline, followed by myocyte
permeabilization with saponin (30). The Fluo-4, 30 mM EGTA, and
contaminant Ca2þ present defined the starting Ca2þ level. Subsequent to
permeabilization, creatine phosphokinase (5 units/mL) and phosphocrea-
tine (12.5 mM) were added. After allowing 210 s for the cells to reach
steady state, RyR function was blocked by 10 mM ruthenium red (RuRed).
This RuRed action resulted in an abrupt fall in fluorescence as SR Ca2þ
release was blocked (32). As fluorescence reached another steady state,
SR Ca2þ uptake (evidenced by decreasing fluorescence) was initiated by
addition of cytosolic ATP (100 mM Mg-ATP). Global SR Ca2þ uptake
rate in each cytosolic test solution was determined by single exponential
fitting of the fluorescence signal.Chemicals/drugs and statistics
Fluo-4 and Fluo-5N were purchased from Molecular Probes/Invitrogen
(Carlsbad, CA). BisG-10 (1,10-bis-guanidino decane) was obtained from
Tocris (Ellisville, MO) as synthalin sulfate. The CaCl2 standard for calibra-
tion was purchased from World Precision Instruments (Sarasota, FL).
Phospholipids were obtained from Avanti Polar Lipids (Alabaster, AL).All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO)
and were reagent grade.
Summary results are presented as mean 5 SE (standard error of the
mean) of several determinations. Statistical comparisons between means
made using a Student’s t-test (unpaired, p < 0.05). Statistical comparisons
between fit curves were made using an F-test. Curve fitting was done by the
Levenberg-Marquardt least-squares method using the standard linear, expo-
nential, or Hill equations.RESULTS
Single SR Kþ channel function in cell-like salt solutions is
shown in Fig. 1 A, containing ATP, Kþ, Mg2þ, and Ca2þ at
levels like those present in cells. Specifically, cytosolic and
luminal solutions contained 120 mM Kþ and 1 mM free
Mg2þ. The cytosolic solution contained 5 mM total ATP.
The cytosolic free Ca2þ concentration was 10 mM. The
luminal free Ca2þ was 1 mM. To our knowledge, this is
the first time that single SR Kþ channel function has been
reported in such solutions. Fig. 1 A shows sample single
channel recordings at several membrane potentials. Current
amplitude and open probability (Po) varied with Vm. There
were frequent shifts between two current levels (arrow),
which is characteristic of SR Kþ channel gating
(10,11,33–35). Current amplitude is plotted as a function
of Vm in Fig. 1 B (solid lines). The solid lines indicate slope
conductances of 178 and 110 pS. The dashed line in Fig. 1 B
represents the current-voltage relationship of single RyR2
channels in the same cell-like salt solutions (190 pS (4)).
Consistent with our previous reports (4,36,37), there is an
~0.5 pA RyR2 current at 0 mV and a slightly negative
RyR2 reversal potential (2.7 mV). Single RyR2 reversal
near 0 mV indicates that Kþ, Mg2þ, and Ca2þ simulta-
neously pass through the open RyR2 pore (4,38,39). Fig. 1
C plots the SR Kþ channel Po as a function of Vm. Consistent
with previous studies (11,33,35), SR Kþ channel Powas low
at 0 mV and increased considerably at negative voltages.
Overall, these data show that single SR Kþ channel gating
and conductance in cell-like salt solutions is like that previ-
ously defined in simple solutions.
The most recognized organic SR Kþ channel blocker is
decamethonium (40,41) and this drug blocked single SR
Kþ channels as expected (see Fig. S1 A in the Supporting
Material). Decamethonium, however, was not used in this
study because it also blocks single RyR2 channels (42).
BisG-10 is another higher affinity organic SR Kþ channel
blocker (43). BisG-10 blocks monovalent cation flux from
SR vesicles (43), slows SR Ca2þ release from skinned
skeletal muscle fibers (44), and decreases ryanodine binding
in skeletal muscle (45). In our hands, BisG-10 blocked
single SR Kþ and RyR2 channels almost equally well (see
Fig. S2 and Fig. S3 A). Thus, BisG-10 was also not used
further here. In the absence of a suitable organic SR Kþ
channel blocker that did not also block RyR, we used cyto-
solic ion exchanges to manipulate single SR Kþ channel
function.Biophysical Journal 105(5) 1151–1160
1154 Guo et al.Csþ ions permeate very slowly through the SR Kþ chan-
nel pore (9,16). Addition of just 20 mM Csþ to the cytosolic
side of a SR Kþ channel in symmetric 300 mM Kþ attenu-
ates the channel’s conductance by ~70% (16). The single
SR Kþ channel current-voltage relationship (large current
level only) in symmetrical 120 mM Kþ is plotted in
Fig. 2 A (solid circles, solid line). The slope conductance
(between 540 mV) was decreased by 35% (open circles)
when the cytosolic Kþ was replaced by 120 mM Naþ
(luminal Kþ still present). The slope conductance was
decreased by 88% (open squares) when cytosolic Kþ was
replaced by 120 mM Csþ. The dashed line in Fig. 2 A
represents an early published SR Kþ channel Csþ result
(16). The calculated PNa/PK and PCs/PK permeability ratios
(see Fig. S1 B) were 0.49 and 0.76 (respectively), consistent
with previous reports (9,16). Fig. S3 B shows sample SR Kþ
channel recordings (at þ40 mV) with cytosolic Kþ, Naþ,
or Csþ present as well as summary Po results. The cytosolic
Kþ for Naþ or Csþ ion exchange had no effect on SR Kþ
channel Po but did substantially alter its conductance.
The same cytosolic Kþ exchange for Naþ or Csþ was
applied to single RyR2 channels. Fig. 2 B shows the single
RyR2 channel current-voltage relationship in symmetric
120 mM Kþ (solid circles; 610 pS). Replacing the cytosolicand Ca2þ spark frequency (CaSpF; 100 mm1 s1) are shown with different
15 different cells and represent 5685 (Kþ), 1549 (Naþ), 1618 (Csþ), and 113 (
(ns ¼ not significant, *p < 0.05, **p < 0.001).
Biophysical Journal 105(5) 1151–1160Kþ for Naþ or Csþ did not substantially alter RyR2 slope
conductance or reversal potential. Single RyR2 slope
conductance was 4% smaller when Naþ was present (open
circles) and 11% smaller when Csþ was present (open
squares). These relatively minor actions on RyR2 conduc-
tion are consistent with the known RyR2 permeation
properties (42,46–48). Fig. S4 B shows that single RyR2
Po was not significantly different with cytosolic K
þ, Naþ,
or Csþ present. Thus, cytosolic Kþ for Naþ or Csþ ion ex-
change had little effect on single RyR2 function.
The same cytosolic Kþ exchange for Naþ or Csþ was
applied to saponin-permeabilized cardiac myocytes. Fig. 2
C shows representative line-scan images of spontaneous
sparks, spontaneous local SR Ca2þ release events, before
(left) and after (right) cytosolic Kþ was replaced for Csþ.
No change in spark brightness (amplitude) or frequency
was observed. Fig. 2 D presents summary spark data
collected after cytosolic Kþ was exchanged for Naþ, Csþ,
or Trisþ. Spark spatial width at half-maximum amplitude
(FWHM), spark amplitude, spark full duration at half-
maximal amplitude (FDHM), and Ca2þ spark frequency
(CaSpF) were not significantly different with cytosolic
Kþ, Naþ, or Csþ present. Replacement of cytosolic Kþ by
Trisþ did alter FWHM, amplitude, and CaSpF. The SRFIGURE 2 (A) Single SR Kþ channel current
(full open state) is plotted as a function of mem-
brane potential (mean5 SE; n> 5). (Solid circles)
Data collected when solutions on both sides of the
channel contained 120 mM Kþ (no Mg2þ, ATP, or
added Ca2þ). (Solid line) Fit has a slope of 186 pS.
(Open circles) Current with 120 mM cytosolic Naþ
and 120 mM luminal Kþ. (Open squares) 120 mM
cytosolic Csþ and 120 mM luminal Kþ. (Dashed
line) Csþ results from Cukierman et al. (16) show
that our results are consistent with previous pub-
lished data. Additional analyses of these data are
shown in Fig. S1 B in the Supporting Material.
(B) Single RyR2 channel current plotted as a func-
tion of membrane potential (mean 5 SE; n > 5).
(Solid circles) (610 pS) Current with 120 mM Kþ
on both sides of the channel. (Open circles) (587
pS) 120 mM cytosolic Naþ and 120 mM luminal
Kþ. (Open squares) (544 pS) 120 mM cytosolic
Csþ and 120 mM luminal Kþ. (Lines) Fit to the
Naþ and Csþ data are not shown. The reversal po-
tentials of the three data sets were not significantly
different. Cytosolic solution contained ~5 mM
Ca2þ (no Mg2þ or ATP). (C) Action of reduced
SR Kþ channel conductance on spontaneous
Ca2þ sparks in permeabilized ventricular myo-
cytes. The cytosolic solution contained 150 nM
free Ca2þ. Sample line-scan images before (left)
and after (right) 120 mM cytosolic Kþ was
replaced by 120 mM Csþ. (D) Average full
width at half-maximum (FWHM; ms), amplitude
(F/Fo), full duration at half-width (FDHW; ms)
cytosolic cations present. These data (mean 5 SE) were collected from
Trisþ) sparks. Values were statistically compared (t-test) to the Kþ values
Countercurrent during SR Ca2þ Release 1155Kþ channel does not conduct Trisþ (9) and this is confirmed
in Fig. S1 B. However, Trisþ does permeate through RyR2
but very poorly (46). We have recently detailed the action
of cytosolic Trisþ elsewhere (49). We showed that Trisþ
competes with Ca2þ inside the RyR pore and consequently
attenuates single RyR current amplitude. We also showed
that cytosolic Trisþ does not alter single RyR gating (49).
Here, this is demonstrated in Fig. S4 B. The Trisþ data in
Fig. 2 D demonstrate the effectiveness of our solution
change method. The other data in Fig. 2 D show that
replacement of cytosolic Kþ for Naþ or Csþ did not alter
spontaneous sparks.
Caffeine-evoked release was measured before and after
cytosolic Kþ was exchanged for Naþ, Csþ, or Trisþ. The
peak (Fig. 3 A) and rate (Fig. 3 B) of caffeine-evoked
Ca2þ release were not significantly different when cytosolic
Kþ was replaced for Naþ or Csþ. Peak caffeine-evoked
release was significantly larger (Fig. 3 A) when Kþ was
replaced by Trisþ. Because peak caffeine-evoked releaseFIGURE 3 Caffeine-evoked SR Ca2þ release and load in permeabilized
acutely dissociated ventricular myocytes. A. Mean peak caffeine-evoked
release measured using cytosolic Fluo-4 fluorescence (n ¼ 43, 4, 20, 9,
and 10 cells for the Kþ, Naþ, Csþ, and Trisþ bars, respectively). Each cyto-
solic cation was present for <4 min before caffeine (10 mM) was applied.
Values were statistically compared (* indicates p < 0.05; ns ¼ not signifi-
cant) to the Kþ value (solid bar). (B) Maximum rate of caffeine-evoked
release in the same experimental conditions as panel A. (C) Confocal x-y
images of intra-SR Fluo-5N fluorescence in representative myocytes seg-
ments. Resting SR free Ca2þ concentration is proportional to the intensity
of the striations. Bright striations are visible at normal resting SR Ca2þ load
(control). Top pair of images show Fluo-5N fluorescence 1 min (10) after
caffeine application. Bottom pair of images show Fluo-5N fluorescence
1 min after cytosolic Kþ (120 mM) was replaced by Csþ (120 mM). (D)
Time course of Fluo-5N fluorescence (mean 5 SE; n ¼ 5–8 cells) before
(solid circles) and after (open circles) cytosolic Kþ (120 mM) was replaced
by Csþ (120 mM). Data was normalized to the value at 0 min. (Star) Fluo-
5N fluorescence after application of 10 mM caffeine (cytosolic Kþ present).
(Points marked by bracket) Not statistically different (t-test).is an index of SR Ca2þ load, this indicates the SR Ca2þ
load increased in Trisþ. The increased load in Trisþ was
also confirmed using intra-SR Fluo-5N to monitor SR
Ca2þ load (49). The increased load is explained by Trisþ
attenuation of single RyR2 current and CaSpF, factors that
determine resting SR Ca2þ leak. The absence of a Trisþ
action on the rate of caffeine-evoked release (Fig. 3 B)
indicates that countercurrents carried by other ions, not
cytosolic Kþ, are supporting release (see the Discussion).
Fig. 3 C shows sample intra-SR Fluo-5N images, reflect-
ing intra-SR Ca2þ concentration. The top pair of images
show that application of 10 mM caffeine dramatically
depleted SR Ca2þ load. The lower pair of images shows
intra-SR Fluo-5N fluorescence before and after cytosolic
Kþ was exchanged for Csþ. There was no visible change
in fluorescence. Fig. 3D plots average Fluo-5N fluorescence
(normalized to that at time zero) as a function of time.
Cytosolic Kþ was present for 5 min (solid circles) before
being exchanged for Csþ (open circles). Fluorescence did
not significantly change after the Kþ for Csþ exchange.
Analogous Fluo-5N results were obtained when cytosolic
Kþ exchanged for Naþ (not shown). Thus, exchange of
cytosolic Kþ for Naþ or Csþ had no effect on cell-wide
Fluo-5N fluorescence (i.e., resting SR Ca2þ load).
The effect of limiting SR Kþ channel function on SR
Ca2þ leak and uptake are shown in Fig. 4. Fig. 4 A compares
the time course of SR Ca2þ leak with cytosolic Kþ (solid
circles) or Csþ (open circles) present. Leak is evidenced
here as the decay in intra-SR Fluo-5N fluorescence (global;
across entire cell) after the block of SR Ca2þ uptake at time
zero by addition of 10 mM thapsigargin. There was no
decay (leak) when RyR2 channels were blocked by 5 mM
RuRed (squares). Note that RuRed does not block single
SR Kþ channels (10). Although leak with cytosolic Csþ pre-
sent appears slower (time constant 7.8 5 0.6 compared to
5.8 5 0.4 min in Kþ), the intra-SR Fluo-5N fluorescence
(load) reached after 8 min was not significantly different
(0.22 5 0.08 vs. 0.38 5 0.07; t-test p value ¼ 0.17). If
cytosolic Kþ was replaced by Trisþ (not shown), intra-SR
Fluo-5N fluorescence after 8 min was significantly different
(0.53 5 0.08; n ¼ 6, p-value ¼ 0.02). This significant
action of Trisþ on leak is likely related to Trisþ attenuation
of single RyR2 current (49).
Fig. 4 B shows the rate of local SR Ca2þ store refilling
after a caffeine-evoked SR Ca2þ release (arrow) with cyto-
solic Kþ (solid circles) or Csþ (open circles) present. Local
refilling is evidenced here as changes in average spark
amplitude. Before the caffeine-evoked release event, the
average spark amplitude with cytosolic Kþ present was
like that presented in Fig. 2 D. No sparks were observed
immediately after the caffeine-evoked release event.
When sparks resumed, their amplitude increased over time
(quantified over 1-min intervals). Lines were fit to the
spark amplitudes after the caffeine-evoked release. The
slopes of these lines were statistically identical in cytosolicBiophysical Journal 105(5) 1151–1160
FIGURE 4 SR Ca2þ leak and uptake in permeabilized acutely dissoci-
ated ventricular myocytes. (A) Rate of SR Ca2þ leak measured using
intra-SR Fluo-5N fluorescence. Thapsigargin was applied at time zero.
(Open squares) Data collected with cytosolic Kþ and ruthenium red
(RuRed) present. (Solid circles) (n ¼ 8) are with cytosolic Kþ present
(no RuRed). (Open circles) (n ¼ 6) Cytosolic Csþ present (no RuRed).
(Lines) Single exponential fits. (B) Spark amplitude recovery after a 10-
mM caffeine-evoked Ca2þ release (arrow) with cytosolic Kþ (solid circles)
or Csþ (open circles) present. Cytosolic Kþ was replaced for Csþ immedi-
ately after the caffeine application. (Lines) Fit to the post-caffeine data
and their slopes were not significantly different (f-test, p ¼ 0.74; 0.025
DF/F0 per min for K
þ, 0.028 DF/F0 per min for Cs
þ). (C) SR Ca2þ uptake
by permeabilized myocyte population. Single RyR2 function was blocked
RuRed. Uptake was initiated by addition of cytosolic ATP at time zero
and monitored as changing cytosolic Fluo-4 fluorescence (left panel).
Uptake time constants (right panel), determined by single exponential
fitting, with cytosolic Kþ (solid), Csþ (hatched), or Trisþ (shaded) present
were 11.5 5 0.9, 13.5 5 2.2, and 29.5 5 1.7 min (respectively). The
Trisþ time constant was significantly larger than the Kþ time constant
(t-test; ** p > 0.01).
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effect on the rate of local SR Ca2þ store refilling.
Fig. 4 C compares global (cell-wide) SR Ca2þ uptake by a
population of saponin-permeabilized cardiac myocytes with
cytosolic Kþ, Csþ, or Trisþ present. In these experiments,
the RyR2 was blocked by 5 mMRuRed and SR Ca2þ uptake
is monitored as a decline in cytosolic fluorescence (i.e., free
Ca2þ concentration). Uptake was initiated by adding
100 mMATP to the cytosolic solution. The uptake time con-
stants were 11.5 5 0.9, 13.5 5 2.2, and 29.5 5 1.7 min
with cytosolic Kþ, Csþ, or Trisþ present (respectively)
and these values are plotted in the bar graph (Fig. 4 C, right).
The time constants in Kþ and Csþ are not significantly
different. Uptake in Trisþ continued (also shown in
Fig. S4 A) but its time constant in Trisþ was significantly
slower than the time constant in Kþ. Because RyR2 wasBiophysical Journal 105(5) 1151–1160blocked by RuRed, this slowing in Trisþ was not due to
blocked RyR2 current.DISCUSSION
The physiological role of the SR Kþ channel was tested by
measuring various aspects of SR Ca2þ transport in permea-
bilized cardiac myocytes before and after SR Kþ channel
conductance was attenuated by cytosolic cation exchanges.
Note that there are likely multiple kinds of SR Kþ channels
in the SR (10,12). Indeed, Pitt et al. (11) reported that the
classic SR Kþ channel multilevel currents (see our Fig. 1)
can be explained by the combined gating of both TRIC-A
and TRIC-B channels. In our study, we did not attempt to
distinguish or isolate the various types of SR Kþ channel.
Instead, our goal was to determine the importance of overall
SR Kþ channel function in mediating countercurrent during
SR Ca2þ release and uptake.Cellular SR KD channel function manipulation
strategy
We found that BisG-10, like decamethonium (42), blocks
both SR Kþ and RyR2 channels. This made cellular use
of these drugs impractical here. Consequently, we applied
a cytosolic cation exchange strategy to manipulate SR Kþ
channel function. This strategy exploited the differential
permeation properties of the SR Kþ and RyR2 channels.
Replacing cytosolic Kþ for Naþ or Csþ had little effect on
RyR2 conductance but reduced SR Kþ channel conductance
by 35 or 88%, respectively. This ion exchange strategy also
does not alter the Po of either channel type. Interestingly, the
incomplete reduction of SR Kþ channel conduction may
reproduce the TRIC-A null muscle condition because the
muscle still has a small amount of TRIC-B (12). Thus, cyto-
solic ion exchange was found to be a cell-friendly means to
differentially manipulate SR Kþ and RyR2 channel conduc-
tance in permeabilized cardiac myocytes. Permeabilized
cells permitted us to directly control cytosol composition
while measuring well-defined SR Ca2þ phenomena (e.g.,
sparks, caffeine-evoked release, leak, and load). Some dis-
advantages of using permeabilized cells are that soluble
cytosolic regulatory factors and normal excitation-contrac-
tion coupling are lost. In particular, intact cells would
have allowed us to examine global electrically induced SR
Ca2þ transients that are much more spatially synchronized
than the global caffeine-evoked release in permeabilized
cells. This is important if countercurrent during the slower
caffeine-evoked release is not physiologically representa-
tive. However, our studies also include sparks and sparks
occur in both intact and permeabilized cells. Moreover,
we have shown that SR Ca release would cease in <1 ms
in the absence of countercurrent (4), and thus any release
event lasting >5 ms should be subject to countercurrent
manipulations.
Countercurrent during SR Ca2þ Release 1157Countercurrent need and direction
The SR’s Kþ, Mg2þ, and Cl equilibrium potentials (EK,
EMg, and ECl) are zero. The existence of a trans-SR Ca
2þ
gradient (100 nM cytosol; 1 mM lumen) sets the Ca2þ equi-
librium potential (ECa) at ~120 mV. At rest, only SR Kþ
and Cl channels are open so the SR Vm is normally
0 mV. When RyR2s open, the local SR Vm will move toward
ECa. How far the local SR Vm moves is determined by RyR2
permeation properties and any counterion current that
occurs. The permeation properties of RyR2 are very well
established (46,50–53). The RyR2 is a poorly selective
Ca2þ channel (4,38,39) with a Ca2þ/Kþ permeability ratio
of ~7 (50). Consequently, open RyR2 pores in cells contain
a mix of the permeable ions present (specifically Ca2þ,
Mg2þ, and Kþ) and therefore RyR2s conduct all these
ions (48). In fact, the Kþ and Mg2þ fluxes are so substantial
that single RyR2 currents in cell-like salt solutions reverse
at 2.7 mV, instead of near ECa (~120 mV) (4,39). The
only possible explanation for the2.7 mV reversal potential
is that open RyR2s do not carry only Ca2þ flux. Importantly,
Kþ and Mg2þ move into SR (i.e., while Ca2þ move out)
because the reversal potential is negative and there is no
trans-SR Kþ or Mg2þ concentration gradients. In other
words, open RyR channels themselves must carry the bulk
of the countercurrent during SR Ca2þ release. This is not
a theoretical suggestion but instead a direct consequence
of the RyR2’s experimentally defined Ca2þ selectivity.
Indeed, the only way there would be no (or little) RyR
self-countercurrent is if single RyRs were highly Ca2þ-
selective in cells (like a dihydropyridine receptor). Because
there is no evidence (or even a hint) that this is the case, the
need for nonRyR SR ion channels to carry countercurrent
during release is not as large as originally thought (8–10).
During SR Ca2þ release, countercations will move into
the SR. Countercations will move out of the SR during SR
Ca2þ uptake. Because we replaced cytosolic cations, the
replacement cations must enter the SR to supply countercur-
rent during uptake. Cytosolic monovalent cations, that are
SR Kþ channel-permeable, will quickly redistribute across
the resting SR (54,55) with a time constant of ~10–15 s
(56). Thus, the replacement cations are likely available in-
side the SR to support uptake within a minute (or so) of their
cytosolic application.Countercurrent supporting release
Any open SR ion channel will carry some degree of counter-
current during SR Caþ release. How much it carries depends
on its permeation properties, permeable ions present, its dis-
tance from the Caþ release site, and Po (among other fac-
tors). One infrequently considered counterion is the
proton. Fast-flow fluorimetry of SR Ca release from triad-
enriched SR vesicles showed that proton fluxes can
account for only 5–10% of the necessary charge compensa-tion during Caþ release (57), consistent with the buffering
and relatively low proton levels in cells. Thus, the contri-
bution of proton countercurrent was not experimentally
explored here.
The RyR is a poorly selective Ca2þ channel (46,50–53).
This is highly relevant here because an open RyR simul-
taneously carries Ca2þ out of the SR and Mg2þ and Kþ
into the SR. In other words, open RyRs themselves (those
releasing Ca2þ) will mediate a substantial countercurrent
during release. This was the conclusion of our earlier
work (4) and is based on the well-defined, undisputed
RyR permeation properties (46,50–53). To better appreciate
this point, consider the dashed line in Fig. 1 B, which
represents our previously published experimental data (4).
This dashed line shows that single RyR2 current reverses
at 2.7 mV, not near ECa (120 mV), in cell-like salt solu-
tions. As discussed earlier, this is can only be because open
RyRs simultaneously mediate Ca2þ, Mg2þ, and Kþ fluxes
(38,39). As already described, this almost eliminates the
need for any other channel to carry countercurrent during
release. Nevertheless, open SR Kþ or Cl channels will
carry some countercurrent during release and the physio-
logical importance of this non-RyR countercurrent was
explored.
In our study, countercurrent carried by SR Cl channels
was minimized by having very little Cl in our experimental
solutions. Only cations were available to serve as counter-
ions during SR Ca2þ release and uptake. Thus, the SR Kþ
channel was the only channel carrying nonRyR countercur-
rent and SR Kþ channel conductance was experimentally
manipulated. We found that spontaneous sparks and
caffeine-evoked SR Ca2þ release (peak and rate) were not
significantly altered when SR Kþ channel conductance
was reduced by replacing cytosolic Kþ for Naþ or Csþ.
Our Csþ result is consistent with the fast robust release
reported in a large body of skeletal muscle studies in which
cytosolic Kþ was exchanged for Csþ (17–23,58). Addition-
ally, many of those studies were done with little (if any)
cytosolic Cl present. Our results are also consistent with
the robust caffeine-evoked SR Ca2þ release in TRIC-A
null muscle (13). Thus, we confidently conclude that coun-
tercurrent mediated by SR Kþ channels does not play a
substantial role in supporting normal SR Ca2þ release.
The required countercurrent is very likely carried by the
open RyR itself (4).
The concept of self-mediated RyR countercurrent has
been questioned. For example, Pitt et al. (11) recently
argued that the prospect of self-RyR countercurrent can be
dismissed because it ‘‘assumes that the conducting proper-
ties of RyR are not modified by physiological regulators
or binding partners.’’ Pitt et al. (11) specifically cites ligands
that bind to RyR’s calmodulin binding site (calmodulin
and suramin) as well as two reagents that induce RyR sub-
conducting gating (dihydropyridine II-III loop peptides and
FK506-binding protein). However, the same research groupBiophysical Journal 105(5) 1151–1160
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changes in RyR2 current amplitude. Because suramin is
not normally present in cells, its action on RyR is also
irrelevant to normal muscle function. Nevertheless, we
tested suramin and showed that it does alter single RyR2
current amplitude but does not change RyR2 selectivity
(see Fig. S5). Because it does not alter selectivity, the action
of suramin would have no influence on self-RyR-mediated
countercurrent (which is a direct consequence of RyR
selectivity). DHPR II-III loop peptides alter single RyR
function in vitro (60,61) but it is not clear that this accurately
reflects the DHPR-RyR interaction in cells. The significance
of a physical DHPR-RyR2 linkage in cardiac muscle is
even more dubious and we tested cardiac muscle cells
here. The FK506-binding protein (FKBP) unbinds from
RyR2 during heart failure (62), generating RyR2 subcon-
ductance states. We tested only nonfailure cardiac muscle
cells and thus FKBP was always tightly bound here (63).
To our knowledge, there are no experimental findings
(present or historical) that justify dismissing the existence
of self-RyR countercurrent.
We found that replacing cytosolic Kþ for Trisþ did not
reduce the rate of caffeine-evoked release (see Fig. 3 B).
This is consistent with there being little or no role of SR
Kþ channel in supporting release because the SR Kþ
channel is impermeable to Trisþ (see Fig. S1 B). It is
intriguing because RyR2 is very poorly Trisþ permeable
and thus there is likely little RyR2-mediated Trisþ counter-
current. The countercurrent supporting release was likely
being carried by Mg2þ, consistent with the early report of
Somlyo et al. (5) of Mg2þ countercurrent during release.
To our knowledge, the RyR2 is the only Mg2þ permeable
channel in cardiac SR. Equally fast caffeine-evoked release
in Kþ and Trisþ is also intriguing because Trisþ attenuates
single RyR2 Ca2þ current amplitude sufficiently to interrupt
the local inter-RyR CICR underlying sparks (49). However,
caffeine-evoked release does not depend on local inter-RyR
CICR because the caffeine (10 mM) maximally activates all
(or most) RyR2s in the cell. Thus, the unaltered rate of
caffeine-evoked release in Trisþ implies that the Trisþ atten-
uation of single RyR2 current is too small to affect the
measured rate and/or our measurement lacks the required
resolution to observe it.Countercurrent supporting SR Ca2D uptake
Net SR Ca2þ uptake occurs when RyRs are closed. Thus,
countercurrent that supports uptake must be carried by SR
Kþ channels (64), SR Cl channels (65), the SERCA
pump itself (66), and/or perhaps some unidentified conduc-
tance in the SR membrane. SERCA cotransports two or
three Hþ out for every two Ca2þ moved into the SR (66).
This Hþ cotransport diminishes, but does not eliminate,
the need for the other pathways to carry countercurrent.
Again, Cl channel countercurrent contribution was mini-Biophysical Journal 105(5) 1151–1160mized here by having very little Cl present. Thus, the SR
Kþ channel was the main nonSERCA source of countercur-
rent during uptake.
We found that limiting SR Kþ channel conduction by
replacing Kþ for Naþ or Csþ had no effect on resting SR
Ca2þ load, SR Ca2þ leak, or SR Ca2þ uptake. This implies
either that:
1. SR Kþ channel-mediated countercurrent is not needed
to support uptake; or
2. Even the relatively small Csþ current mediated by SR Kþ
channels is sufficient to support normal uptake.
The latter is likely the case because global uptake was
significantly slowed when cytosolic Kþ was replaced by
Trisþ (i.e., when there was no SR Kþ channel mediated
countercurrent). Another possibility is that Trisþ directly
inhibited SR ATPase activity, but this is inconsistent with
the published record (49,67). If uptake was slowed when
there was no nonSERCA source of countercurrent (68–
71), then our results would indicate that the SR Kþ channel
provides countercurrent that makes uptake faster.TRIC and the resting SR KD steady state
Potassium enters the SR during SR Ca2þ release (5). When
release ends, Kþ must exit the SR to maintain the SR’s Kþ
steady state. When RyR2s are closed, the SR Kþ channel is
the only Kþ exit pathway available. Loss or insufficiency of
this SR Kþ exit pathway would logically lead to abnormal
Kþ accumulation inside the SR. There is normally no
trans-SR Kþ gradient (i.e., EK ¼ 0 mV) and the resting
SR Vm is near 0 mV because some SR K
þ channels are al-
ways open. Abnormal Kþ accumulation inside the SR
would change EK and consequently move the resting SR
Vm toward ECa. This would make the electrochemical
Ca2þ driving force, that drives SR Ca2þ release, smaller.
Consequently, single RyR2 Ca2þ current amplitude would
be smaller, which is known to make inter-RyR CICR less
likely and thus sparks less frequent (49). This would reduce
SR Ca2þ leak, promoting SR Ca2þ overload. These are the
common SR Ca2þ transport abnormalities in TRIC-A
knock-out muscle (12,13). The existence of the SR Kþ
channel prevents this logical train of events. Thus, we pro-
pose that the SR Ca2þ transport abnormalities in TRIC-A
null muscle (12,13) are caused by disruption of the normal
SR Kþ steady-state maintenance, not the absence of SR
Kþ channel countercurrent during release as previously hy-
pothesized (12,13,15).CONCLUSION
Our results indicate that, when countercurrent through SR
Kþ channels is reduced and that through SR Cl channels
is prevented (i.e., by having little Cl in our solutions), there
is still sufficient countercurrent to sustain normal SR Ca2þ
Countercurrent during SR Ca2þ Release 1159release. The countercurrent in this situation is carried pri-
marily through the RyRs but also some by the incompletely
blocked Kþ channels present. There may also be some yet-
to-be described SR channel carrying some countercurrent.
We conclude that countercurrent during SR Ca2þ release
is normally provided by multiple pathways acting redun-
dantly and complementarily. Existence of such redundancy
is not surprising, given the importance of Ca2þ release in
striated muscle. Thus, SR Kþ TRIC channels will carry
some countercurrent during release, but this countercurrent
is not essential. Because the SR Kþ TRIC channel is the
only pathway for Kþ to exit the SR after RyRs close, we
propose that TRIC is essential for keeping the normal Kþ
balance across the resting SR.SUPPORTING MATERIAL
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